The co-residence of bacteriophages and their bacterial hosts in humans, animals, and environmental sources directed the use of bacteriophages to track the origins of the pathogenic bacteria that can be found in contaminated water. The objective of this study was to enumerate bacteriophages of Aeromonas caviae (AecaKS148), Enterobacter sp. (EnspKS513), and Klebsiella pneumoniae (KlpnKS648) in water and evaluate their association with contamination sources (human vs. animals).
INTRODUCTION
Microbiological water pollution has become a problem of increasing concern worldwide. Human and zoonotic waterborne pathogens can originate from both human and animal excreta, as well as from the environment, e.g., soil and sedi- Because phages specifically infect their host cells, observed plaques indicate that phages of the specific host genera/ species/strains of interest are present in a tested water sample, with no additional confirmation steps required (Koskella & Meaden ) . Therefore, bacteriophages appear to be a suitable tool to indicate the origins of their bacterial hosts.
It has been reported that the virulence levels of bacterial strains could be affected by geographic differences (Yu et al. ; Janda & Abbott ) . Therefore, to provide direct information about risk of exposure to public health in specific regions, pathogens of local concern should be studied. The bacterial genera Aeromonas, Enterobacter, and Klebsiella have been reported as opportunistic bacterial pathogens for human and animals. In 2011, Aeromonas caviae was shown to be the agent that caused the highest rates of acute diarrhea in Thailand (Anonymous ). Klebsiella pneumoniae is the most common opportunistic pathogen that causes nosocomial infections in the patients of some hospitals in Thailand (Singthientrakool ) . Furthermore, with the current widespread use of antibiotics,
Enterobacter has recently been found more frequently as a pathogen (Grimont & Grimont ) The ultimate goal of this research was to evaluate the potential use of bacteriophages of locally isolated pathogenic bacteria as contamination source identifiers. First, local pathogenic bacteria were isolated from human sewage samples. Species were identified together with their plaque appearance. Next, levels of the corresponding bacteriophages were enumerated in water sources with different levels of pollution, i.e., polluted urban canals and non-polluted rivers. The source specificity was examined by determining bacteriophage levels in domestic wastewater and in animal fecal materials. Finally, the relationship between microbial and physicochemical parameters from each source was assessed.
METHODS

Sample collection
For the isolation of bacterial host strains, human sewage samples were collected from the wastewater influent of a municipal wastewater treatment plant serving 120,000 persons, and of a hospital operating more than 80 beds.
Samples for enumeration of bacteriophages, total coliforms (TCs), and Escherichia coli were collected from polluted urban canals (23 samples), non-polluted rivers (five samples), domestic wastewater (19 samples), and animal fecal samples (15 samples). Surface water samples were collected at the middle of the body of water 1 m below the surface. The sites of the polluted canal samples were selected from community areas in Bangkok that had histories of high TCs, with likely contamination from human fecal material (Water Quality Management Office (WQMO) ). Nonpolluted river samples were chosen from water sources that contained TC of less than 5,000 MPN 100 ml À1 (MPN: most probable number), considered as non-polluted water sources by the Thailand Surface Water Quality Standards (Pollution Control Department (PCD) ). Domestic wastewater samples were collected from facilities serving more than 100 individuals. All water samples were collected in 1l decontaminated bottles with 3.33 ml of 3% Na 2 S 2 O 3 (sodium thiosulfate). For animal fecal samples, 10 g samples of animal feces, derived from a mixture of at least 20 individual animals, were collected from cattle and swine farms in Bangkok and nearby provinces. The transportation of water and animal samples on ice from the sites to the laboratory was completed within 3 h.
Enumeration of bacteriophages and indicator bacteria
Thirty-five milliliters of each water sample was centrifuged (Eaton et al. c) . Next, the pH was adjusted to 7.0, and the suspension was centrifuged at 4,500 g for 45 min at 4 W C. The pellet was discarded, the supernatant was filtered through a 0.22-μm PVDF membrane, and a double-layer agar assay was performed.
Anaerobic incubation of the double-layer agar plates was performed in some experiments using a 3.5-l Anaerobic Jar (Oxoid, Hampshire, UK), which created anaerobic conditions with oxygen-eliminated sachets (Oxoid, Hampshire, UK). The bacteriophage detection limit ranged from 3 to 19 PFU 100 ml À1 in water samples and 2 PFU g feces À1 in animal fecal samples. The detection limits varied among samples, depending on the volume of the water samples or the weight of the fecal sample being analyzed. In this study, percentages of data with values higher than the maximum detection limits, so-called threshold values, were reported instead of percentages of positive values. This method of reporting was followed to prevent giving misleading information: some positive values were obtained at lower than the highest detection limits.
TCs and E. coli were simultaneously enumerated using a membrane filtration technique with MI medium (USEPA ). In brief, serial dilutions were performed to obtain a suitable density of bacteria on the plates. Next, 10-ml water samples were filtered through 0.45-μm mixed cellulose filter membranes (Sartorius Stedim, Goettingen, Germany). Each membrane was placed onto a petri dish containing a layer of MI agar (BD, Franklin Lakes, New Jersey, USA). The plates were then incubated at 37 W C under aerobic conditions for 24 h. The number of bacterial colonies was counted as colony-forming units (CFU) per 100 ml of water sample.
The detection limit for TC, and E. coli was 10 CFU 100 ml À1 .
Isolation and characterization of bacterial host strains
One milliliter of the water sample was spread onto Bacter- Approximately 10 7 PFU of bacteriophages was added to 80 ml of BPRM broth with 8 ml of log-phase bacterial host. The culture was incubated at 37 W C under aerobic conditions for 18-24 h or until observed as a clear suspension.
A control sample was also prepared similarly to above in a manner similar to that described above but without adding bacteriophage suspension. A control sample was used to indicate that lysed bacterial cells had occurred in the working suspension. Next, the suspension was transferred to 50ml centrifuge tubes and centrifuged at 8,000 g for 10 min at Subsequently, the suspension was transferred to 50-ml centrifuge tubes and centrifuged at 8,000 g for 15 min at 4 W C.
The supernatant was discarded. Then, 2-10 ml Tris-EDTA (TE) buffer (10:1 Tris:EDTA, pH 8.0) or buffered saline peptone water (8.50 g l À1 NaCl, and 1.00 g l À1 casein peptone) was added into the centrifuge tubes to resuspend the pellet of bacteriophage particles. The purified phage particles were stored at À20 W C until use.
Specificity of bacteriophages to bacterial hosts was con- 
Statistical data analysis
Analysis of data above and below the detection limits was performed (Helsel ) . A non-normal distribution was observed using Q-Q plots by plotting the detected data with adjusted ranks from the non-detected data. Summary statistics were computed using the non-parametric Kaplan-Meier method with Efron bias correction. Significance of differences was conducted using the non-parametric generalized Wilcoxon score test unless stated otherwise.
Correlation analysis was performed by the non-parametric
Kendall's tau rank correlation method.
RESULTS
Characterization of isolated bacterial host strains and their bacteriophages
None of the bacterial strains showed significant differences in the number of plaques at aerobic vs. anaerobic incubation conditions (p > 0.05; Table 2 ). The characteristics of the plaques formed when the bacteriophages were incubated under aerobic and anaerobic conditions were also observed. Notably, gas bubbles were noticed on the upper layer of EnspKS513 and KlpnKS648 plates only under anaerobic conditions. These bubbles appeared almost similar to plaques and therefore interfered with the enumeration of plaques. Gas formation resulted from the ability of KS513 (Table 3 ; Supplemental Figure S1 , available online at http:// www.iwaponline.com/wh/013/204.pdf). Although the median concentration of KlpnKS648 was higher than that of EnspKS513, the plaque concentrations of the two strains were not significantly different, but the plaque formation of both was significantly higher than that of AecaKS148 (overall p < 0.05). River samples with TC and E. coli concentrations 2-3 orders of magnitude lower than the concentrations detected in canal samples were also tested ( Table 3) . None of AecaKS148, EnspKS513, or
KlpnKS648 was detected at above 19 PFU 100 ml À1 in the river samples. Although the canal and river samples had dissimilar levels of TC and E. coli, the BOD did not appear to be much different (Table 4) . Notably, the TSS was found to be slightly higher in the river samples than AecaKS148 (PFU 100 ml À1 )
TC (CFU 100 ml À1 ) 100.0 245,000 21,900,000 21,900,000 7,200,000 2,820,000 1,780,000 1,050,000 600,000 E. coli (CFU 100 ml À1 ) 100.0 125,000 10,600,000 10,600,000 6,320,000 2,440,000 820,000 470,000 310,000
AecaKS148 ( TC (CFU 100 ml À1 ) 100.0 245,000 21,900,000 21,900,000 21,900,000 6,860,000 2,820,000 600,000 245,000 E. coli (CFU 100 ml À1 ) 100.0 125,000 10,600,000 10,600,000 10,600,000 6,320,000 2,440,000 330,000 125,000 ,394 253,416,149 253,416,149 201,353,638 38,678,328 5,332,198 2,907,662 876,494 AecaKS148 WWTPs, and residential buildings (Table 3) . TC and E. coli were detected in all samples and were present in the range of 10 5 -10 7 CFU 100 ml À1 . All three bacteriophage strains were found in most of the human wastewater samples, with 73.7% of data having values higher than 19 PFU 100 ml À1 . AecaKS148 showed the highest median concen- 
Bacteriophage detection in wastewater of animal sources
Animal fecal samples were collected from cattle and swine farms (Table 3 ). In swine samples, TC and E. coli were present in the range of 10 5 -10 8 CFU g À1 . None of the AecaKS148 concentrations in the swine samples, or in any of the animal samples, was higher than 2 PFU g À1 , while
58.3-75.0% of EnspKS513 and KlpnKS648 was detected at concentrations higher than 2 PFU g À1 . Although the median concentrations of KlpnKS648 were higher than those of EnspKS513 in the swine samples and in all of the animal samples considered together, no significant differences were observed between the concentrations of these two strains (p > 0.05). Significant differences were found between these two strains and AecaKS148 (overall p < 0.05) in both types of samples. Notably, none of the three bacteriophage strains was positively detected in all three cattle samples with a detection limit of 2 PFU g À1 .
TC and E. coli for cattle samples ranged from 5.2 × 10 4 to 5.3 × 10 5 , and from 4.9 × 10 4 to 5.0 × 10 5 CFU g À1 , respectively, which were 1-4 orders of magnitude lower than the concentrations detected in the swine samples. Only TC and E. coli presented a significant correlation (τ ¼ 0.962) when considering all animal samples.
DISCUSSION
With the need for developing countries to control particular pathogens of concern in water pollution, bacteriophages of pathogens were evaluated for use as source identifiers. 
CONCLUSIONS
In conclusion, this bacteriophage detection method could qualitatively indicate origins of contamination, which are most likely to be the same sources of pathogenic bacterial
